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Abstract 

The measurement of hadronic cross sections at low 
centre-of-mass energies is currently attracting much inter- 
est because of the role these measurements play in the the- 
oretical evaluation of the anomalous magnetic moment of 
the muon. The KLOE experiment at the DA$NE ^-factory 
in Frascati aims to determine the cross section of the domi- 
nant contribution e+e^ — > tt+tt" at energies below 1 GeV 
exploiting the radiative return from the to the p and uj 
mesons. This method has systematic errors completely 
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different from previous measurements and allows a cross 
check of existing data in this energy region. The method is 
presented in detail and results on both the differential cross 
section for e+e~ 7r+7r~7 and the total cross section for 
e+e~ — > 7r+7r~ are presented. 

INTRODUCTION 

Motivation 

The hadronic contribution to the muon anomaly 
fl/j ~ (^M ~ 2)/2 can be related to the hadronic cross sec- 



tions via a dispersion relation 

1 r°° 

a^(hadr) = — / cre+e-^hi,dv{s)K{s)ds, (1) 

where the integral is carried out over the invariant mass 
squared s of the hadronic system. The kernel K{s) is 
a monotonously varying function that behaves approxi- 
mately like 1/s. The annihilation cross section also has an 
intrinsic 1/s behaviour and is largely enhanced around the 
mass of the p meson. Data at low energies contribute there- 
fore strongly to a;^(hadr). Since perturbative QCD fails at 
energies below ~ 2.5 GeV, one has to use experimentally 
measured cross sections in the dispersion integral for low 
energy regions. 

The most recent experimental value for is UJ 
a^f P = (11659203 ± 8)xl0-i° [E821], 
while a recent theoretical evaluation gives ^ 
^theo ^ (11659195.6 ± 6.8)xl0-i° [r data] 
^theo ^ (11659180.9 ± 8.0)xl0"i" [e+e~ data] 
The first theoretical evaluation of is obtained with r 
decay data as experimental input to the dispersion inte- 
gral, using conservation of vector current and isospin sym- 
metry to relate t decays to e+e^ annihilation cross sec- 
tions. The second theoretical evaluation uses e+e^data 
exclusively, including the reanalyzed data from Novosi- 
birsk (CMD-2, f4l). Comparing the theoretical evaluations 
with the experimental value, one finds a deviation of 2.0 a 
for the e+e^-based theory value, while the r-based value 
shows only a 0.7 a effect. In order to resolve this am- 
biguous situation and to be able to claim an eventual vi- 
olation of the standard model, more and better information 
on hadronic cross sections is needed. For a more detailed 
discussion, see also [5j. 

Radiative Return 

The standard way to measure hadronic cross sections in 
the past was to perform an energy scan, in which the en- 
ergy of the colliding beams was changed to the desired 
value. The Frascati e+e^coUider DA(E>NE, however, was 
designed as a particle factory operating at the fixed en- 
ergy of the (j) resonance (1020 MeV) with high luminos- 
ity and the current physics program does not allow to vary 
the beam energy away from the (p resonance. As a con- 
sequence of this, the idea has been worked out to obtain 
(T(e+e~ hadrons) at DA<I>NE using the radiative pro- 
cess e"'"e~— >hadrons + 7, where the photon has been radi- 
ated in the initial state by one of the electron or the positron, 
lowering the collision energy 1 6 1 1 7 1 . By measuring this ra- 
diative return process the hadronic cross sections become 
accessible from the mass down to the two-pion threshold. 
The total cross section <J e+ e- ^\ya.drons{s) can be obtained 
by measuring dcre+e-^hadrons+7/ds', where s' = Af^^^,. 
from the radiative return. The two quantities can be related 
by the radiator H: 

dcr(hadrons + 7) , tti 1 a \ 

— i '- ■ s — o-(hadrons, s) x His ,0^) (2) 




fj in 



Figure 1 : Schematic view of the KLOE detector with the 
angular acceptance regions for pions {horizontally hatched 
area) and photons (vertically hatched area). The photon 
angle is evaluated from the two pion tracks. 

H depends on s' and on the polar angle of the radiated 
photon 6^. An accuracy better than 1% is needed for H 
in order to perform a precision measurement. Radiative 
corrections have been computed by different groups up 
to next-to-leading order for the exclusive final hadronic 
states TT+TT" 7 |8 1 |9 1 1 10| and 47r + 7 1 131 . Our analvsis 
makes use of the theoretical MonteCarlo event generator 
PHOKHARA ["Fl (TTl fT2l |14|, which also includes now 
final state radiation of the pions using scalar QED 1 15l . 
Below 1 GeV, the contribution of the process 
e^e~ — > TT+TT^ to the total hadronic contribution to is 
67% il6|. The cross section for this process can be ob- 
tained using eq.|2]by measuring d(T(e+e^ 7r+7r^7)/ds'. 
In the following results obtained for this process with the 
KLOE detector in Frascati will be reported. 

MEASUREMENT OF 

dcr(e"'"e~ — > 7r"'"7r~7)/ds' 

Signal selection 

The KLOE detector consists of a high resolution drift 
chamber ( ap^/px < 0.4%, 1 17 1) and an electromagnetic 
calorimeter (ctb/S = 5.7%/ ^-^(GcV), (H). In the cur- 
rent analysis we have concentrated on events in which the 
pions are emitted at polar angles between 50° and 130°. 
No explicit photon detection is required and an untagged 
measurement is performed. As a consequence, a cut on the 
di-pion production angle Ot^tt smaller than 15° (or greater 
than 165°) is performed instead of a cut on the photon an- 
gle 9^. Otttt is calculated from the momenta of the two pi- 
ons and is exactly equal to 180° — 9^ if only one photon is 
emitted. The acceptance regions are shown in Fig.^ The 



reason to choose these specific acceptance cuts are reduced 
background contaminations and a low relative contribution 
of final state radiation from the pions. It will be shown in 
the following that an efficient and almost background free 
signal selection can be performed without explicit photon 

tagging G3 HOI ED. 



The selection of e+e 
following steps: 



TT 7 is performed with the 



Detection of two charged tracks connected to a ver- 
tex: Two charged tracks with polar angles between 
50° and 130° connected to a vertex in the fiducial vol- 
ume R < 8 cm, l^l < 15 cm are required. Addi- 
tional cuts on transverse momentum pT > 200 MeV 
or on longitudinal momentum \pz \ > 90 MeV reject 
spiralizing tracks and ensure good reconstruction con- 
ditions. 

Identification of pion tracks: A 7r-e separation is 
done by cutting on a likelihood function which 
parametrizes the interaction of charged particles 
with the electromagnetic calorimeter The function 
has been built using control samples from data of 
7r+7r~7r° and e+e^7 in order to find the calorimeter 
response for pions and electrons. The event is selected 
if at least one of the two tracks is identified to be a 
pion. In this way, e+e^7 events are drastically re- 
moved from the signal sample while the efficiency for 
7r+7r^7 is still very high (> 99%). 

Cut on the track mass: The track mass is a kinematic 
variable corresponding to the mass of the charged 
tracks under the hypothesis that the final state consists 
of two particles with the same mass and one photon. 
It is calculated from the reconstructed momenta 
P-. Cutting at a value of 120 MeV rejects /i+/i^7 
events, while in order to reject Tr+vr^vr" events a cut 



in the plane of track mass and Af, 
Fig.EJ: 



is performed (see 



mtr 



< 250. - 105. 



'(1. 



850000. 



(3) 



All units in eq.|3lare in MeV. 



Cut on the di-pion angle Ot^t^'- The aforementioned cut 
on the di-pion angle 9t^-,^ < 15° or ^tttt > 165° is 
performed. 



Effective cross section 

Applying the selection steps mentioned in the previous 
section on a sample of ~ 140 pb~^ of data taken in 2001, 
ca. 1.5 Mio. events are selected, corresponding to 11000 
events/pb^^. Fig. |3l shows the number of 7r+7r^7 events 
selected in bins of 0.01 GeV^. The p — uj interference 
is clearly visible, demonstrating the excellent momentum 
resolution of the KLOE drift chamber. To obtain the effec- 
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Figure 2: 2-dimensional cut in the plane of track mass/MeV 
and MlJGtV^ 
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Figure 3: Number of 7r+7r^7 events selected by the analy- 
sis in the region ^^ttt < 15° or O-^t, > 165°, 50° < 9„ < 
130°. 



tive 7r+7r^7 cross section one has to subtract the residual 
background from this spectrum and divide by the selection 
efficiency and the integrated luminosity: 



dNobs ~ diVskg 1 1 



esci / Ldt 



(4) 



Residual background Nskg- Given the angular ac- 
ceptance regions for pions and photon as described 
in fig. [2 the amount of residual background is con- 
sidered to be small. It has been evaluated by fitting 
the MC distributions for 7r+7r~7 (signal) and /i+/i~7, 
e+e~7 and 7r"'"7r~7r° (background) to the data. The 



cross section as: 
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Figure 4: Differential cross section for e+e^ ^ 7r+7r^7. 
The radiator H{s') obtained from MC is also shown. 

relative contribution of each background channel is 
found to be well below 5%. 

- The selection efficiency esch The selection efficiency 
is the product of trigger, reconstruction, filtering, ir-e 
separation and track mass cut efficiencies. Apart from 
the last one, which has been evaluated from Monte- 
Carlo, all efficiencies have been evaluated from data, 
using unbiased control samples matching the kinemat- 
ics of the actual signal. The total selection efficiency 
is about 70%. 

- Luminosity: At KLOE, the luminosity measurement is 
performed using Bhabha events at large angles (55° < 
e+- < 125°, cr = 425nb). The number of Bhabha 
candidates is counted and the luminosity is obtained 
from the effective cross section obtained from Mon- 
teCarlo. KLOE uses two independent Bhabha event 
generators (the Berends/Kleiss generator |22J modi- 
fied for DA$NE (23 and the BABAYAGA genera- 
tor |24|), for both of which the authors quote a the- 
oretical error of 0.5%. Both generators agree within 
0.2%. The good agreement of the experimental dis- 
tributions (0+,-, £-+,-) with the event generators re- 
sults in an experimental uncertainty for the luminosity 
measurement of 0.4%. 

The effective cross section d(T(e+e^ ^ 7r+7r^7)/ds' 
within the acceptance cuts described in fig. ^ is shown in 
fig.S 

EXTRACTION OF <T(e+e- tt+tt-) 

Assuming that initial and final state radiation processes 
are independent (cf. neglecting interference effects) the 
cross section for e^e^ tt+tt^ can be extracted as a 
function of M^^ from the observed differential 7r+7r~7 



(T(e^e~ > TT^TT^) ^ ^ ' ^ p3 '^TTT^'y 

3 ■ s (j^^y(^F^ — 1) 

where a^T^^i^F^^ — 1) is the NLO cross section for e+e~ — > 
TT+TT" 7 (initial state radiation only) under the assumption 
of pointlike pions and corresponds to the quantity H from 
eq.|2] We obtain H bin-by-bin technically from the theoret- 
ical MonteCarlo generator PHOKHARA by setting i^^ = 1 
and switching off the vacuum polarisation of the interme- 
diate photon (see fig.E}. Ptc is the pion velocity defined as 
(1. — 4. ■ m^/s)2. Note that no explicit acceptance cor- 
rection has been performed, but H is evaluated within the 
acceptance cuts of fig. ^ Dividing by the effective H thus 
yields the total cross section for e+e^ ^ tttt. 

Radiative corrections 

In order to evaluate (hadr) by inserting the cross sec- 
tion in the dispersion integral (eq. [0, some radiative cor- 
rections to the cross section have to be considered. 

- Final state radiation: Events with final state radia- 
tion from the pions should be included in the cross 
section to be put in the dispersion integral |25 1. The 
leading order final state radiation where there is no 
initial state radiation (hence the e+ and the col- 
lide at the energy of the </> meson) creates a large tail, 
which is unwanted in our case and is suppressed very 
efficiently to the level of few permille using the accep- 
tance cuts described in fig.Qvia the separation of pion 
and photon fiducial volumes (the photon emission by 
the pions is peaked in the pion direction). Consider- 
ing the next-to-leading order process of simultaneous 
occurence of a photon radiated in the initial state and 
a photon radiated in the final state, events of this type 
are rejected by the aforementioned cut in trackmass. 
The presence of two photons in the event moves the 
TT+Tr^7(7) event towards higher values of trackmass 
in fig. 12] therefore especially at low M"^^ they are 
moved into the region which is cut out by the track- 
mass cut. As of now, we recover these events by eval- 
uating the trackmass efficiency from the Phokhara 3.0 
MonteCarlo 1 15 1 which includes the simulation of this 
kind of events within the model of scalar QED. Di- 
viding the raw spectrum by this efficiency according 
to eq. 0]retains the 7r+7r^7(7) events rejected by the 
trackmass cut. ' 

- Vacuum polarisation: The cross section has to be un- 
dressed from vacuum polarisation |25 1. This is done 
by dividing for the running of the fine structure con- 
stant: 

^undressed '^dressed ' 7 Tn" (6) 

'This approach is more specific than the one presented at the work- 
shop, which didn't contain any correction for final state radiation. It was 
made possible by a deeper understanding of final state radiation events 
resulting from working with the upgrade of the Phokhara generator. 
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Figure 5: 
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Cross 


6 0.7 

section for e 


8 0.9 

[GeV-] 

'^e~ — > TT 



Acceptance 


0.3% 


Trigger 


0.2% 


Tracking 


0.3% 


Vertex 


0.7% 


Reconstruction filter 


0.6% 


Pion - electron separation 


0.1% 


Trackmass cut 


0.2% 


Background subtraction 


0.5% 


Total exp. systematic error: 


1.2% 



Table 1 : List of exp. systematic uncertainties 



The correction function to ao has been provided by F. 
Jegerlehner 1 26 1 . 

The resulting total cross section CT(e+e^ — > tt+tt^) after 
these corrections is shown in fig.|5l 

Systematic error 

The contribution of the several analysis items to the sys- 
tematic error of the measurement is shown in tabled Given 
the excellent resolution of the KLOE drift chamber a dedi- 
cated unfolding from the detector resolution seems not nec- 
essary. Eventual systematic contributions from this omis- 
sion are currently under study, but are expected to be small. 
In table |2] the systematic uncertainties coming from theo- 
retical input to the evaluation of (T(e+e^ tt+tt^) are 
listed (for the luminosity, theoretical and experimental er- 
ror has been added). Additionally, we attribute a prelim- 
inary systematic error of 1.% due to the treatment of fi- 
nal state radiation in our analysis. This covers the limited 
validity of the radiator H due to eventual non-factorizing 
terms between initial and final state radiation, possible lim- 
itations of the model used to simulate final state radiation, 
the error arising due to the fact that in the presence of final 
state radiation the (measured) is slightly different from 



Radiator H 


0.5% 


Vacuum Pol. 


0.1% 


Luminosity 


0.6% 


Total theor. systematic error: 


0.8% 



Table 2: List of theor. systematic uncertainties 



s^. (where 7* is the virtual photon produced in the e+e~- 
collision) and additional acceptance corrections in case the 
acceptance changes in the presence of final state radiation 
events. 

CONCLUSIONS 

A method of measuring hadronic cross sections at par- 
ticle factories has been presented using the radiative re- 
turn. This method is complementary to the energy scan 
used to perform this measurement up to now and has com- 
pletely different systematical errors, making it the ideal 
tool to check and improve existing measurements. Such a 
crosscheck has become very important given the disagree- 
ment between the evaluations of obtained in f2l . The 
radiative return has been used at the DA$NE 0-factory 
in Frascati in order to extract the total cross section for 
e+e^ TT+vr^, making good use of the recently devel- 
oped upgrade of the Phokhara event generator by 1 15 1. An 
interpretation of our cross section in terms of ap(hadr) as 
well as future plans and prospects of this measurement at 
present and upcoming e+e^-coUiders in Frascati can be 
found in A. Denig's contribution to this workshop II27I . In 
particular, the quoted result for the two-pion contribution 



to a^(hadr) is (in units of 10 ): 



ap(hadr)^^ = 
378.4 ±0.8 



± 4.5s„sf ± S.Otheo + 3.8_FSfl: 



Our preliminary result agrees within the errors with the re- 
sult found by CMD2 |4|. 
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